Community on-site separation of wastewater is a treatment approach that leads to more efficient processes, with former pollutants considered resources to be recycled.
(exchangeable and carbonates), and Ba, which was evenly distributed among all the fractions. Under the studied ranges of added metals, Fe, Ni, and Co did not show a clear effect on the anaerobic digestion of the black water. Ba had a significant negative effect on methane production and Mn addition enhanced the toxic effect. A specific methanogenic activity (SMA) between 18 and 27% lower than the control, 11.17 mLCH4.gCOD-1.d -1 , was predicted at a total Ba concentration of approximately 1000-1200 mg.L 
INTRODUCTION
Many researchers have studied the shift in sanitation systems to improve their overall performance so that wastewater content (water, organic matter and nutrients) can be considered a resource to be recycled rather than a pollutant [1] [2] [3] [4] .
Community on-site separation of wastewater is attracting considerable interest because it could lead to more efficient wastewater treatment approaches. This separation usually generates two streams: a diluted stream that is commonly named gray water and composed mainly of water from the bath, laundry and kitchen and a concentrated stream that is usually named black water and composed mainly of feces, urine and flush water [2] .
The high concentration of organic carbon and relative lower flow of black water compared to grey water make this wastewater a suitable feedstock for on-site anaerobic treatments. Anaerobic digestion (AD) of black water stabilizes the stream and recovers methane, providing the opportunity to further recover nutrients, such as phosphorus and nitrogen [4] .
The strategic approach of collecting and treating black water separately represents an effective advance that would facilitate further reduction in the size of wastewater treatment plants [5] . The anaerobic treatment of source-separated domestic wastewater is recognized as the core technology to improve energy recovery from domestic wastewater [4] .
On-site black water anaerobic digestion and nitrogen and phosphorus recovery have been demonstrated at the laboratory scale and in some pilot scale experiments in northern European countries [6] [7] [8] [9] . Temperature is a key factor in AD, and heating of the reactor during cold weather is a major issue. Tropical countries may be able to avoid that problem. Brazil successfully uses anaerobic treatment for sewage, especially because of the high and relatively constant temperature through the year [10] . On-site black water AD might be an attractive option for more efficient sanitation systems in Brazil. The main drawback is the implementation of on-site separation technology in each household, which entails a different tubing configuration, and it would only be feasible during the construction of new buildings. Therefore, to promote implementation of such technology in future construction, black water treatment should show its advantages and overcome its challenges.
There are several challenges to optimal black water anaerobic treatment, such as mixing, organic loading rate, and feeding fluctuation, among others. One factor that is often not considered is whether the feedstock, in this case black water, might be limited by the lack or excess of essential trace metals for anaerobic microbes.
The addition of certain essential trace metals might improve AD because of biological deprivation of these metals. Black water may have high content of certain metals, but their presence does not ensure their bioavailability. Therefore, the addition of some metals might be necessary. Assessments of the appropriate metals, the metal concentration ranges and the possible synergic or antagonistic effects usually result in a complex experimental set up. Thus, statistically based experimental designs might aid in a first assessment of trace metal limitation or toxicity. Plackett-Burman is a fractional factorial design widely used for screening factors with statistically significant effects on the variable of interest [11] .
Among the essential trace metals reported for anaerobic microorganisms, Fe, Co, Ni, and Se have been noted for their crucial role in the anaerobic pathway of organic matter digestion. Other trace metals, such as Cu, Mn or Ba, have been shown to have an effect on AD processes; however a clear role in the enzymatic reactions of the anaerobic pathway has not been documented [12] . Metal concentrations or ranges to be added are also critical parameters, as either insufficient 4 addition to overcome limitation or even toxic concentrations may be reached. Different examples can be found in the literature. Evranos and Demirel (2015) used 0.5 mg/L, 0.5 and 0.25 mg/L of Co, Ni and Mo, respectively, to enhance methane production from maize silage. Ruel et al. (2002) used a Ba concentration of 2 mM (274.654 mg.L -1 ) to inhibit the sulfidogenic activity in an experiment to develop a protocol for biochemical acidogenic potential using municipal sewage as substrate. [15] used a 10 mM Ba solution to enhance enzymatic hydrolysis. [16] reviewed different trace metal addition cocktails for enhancing methane production in AD systems.
The aim of the present study was to study the distribution of trace metals in an anaerobic inoculum from an upflow anaerobic sludge blanket (UASB) reactor treating sewage, followed by the screening of the effects of addition of different amounts of Fe, Ni, Cu, Co, Mn, Ba and Se on biological methane production (BMP) using the previously studied anaerobic inoculum and a simulated black water as feedstock. The addition of different metal ranges was tested by using the statistically based Plackett-Burman experimental design. This design allows studying the individual effect of each metal on the activity of the inoculum fed with the black water under study. The synergic and/or antagonist effects of different groups of metals were studied as well.
MATERIALS AND METHODS

Inoculum
The anaerobic inoculum was obtained from a UASB reactor treating domestic sewage from the sewage treatment plant (STP) of São Carlos, São Paulo, Brazil. The sludge was collected from the bottom of the UASB reactor and contained total solids (TS) of 56. . The distribution of metals in the sludge was analyzed according to a modified Tessier method [17, 18] (Table 1 ).
In this modified Tessier method, four fractions are defined. (i) The exchangeable fraction (EXC) accounts for the metals adsorbed to the sludge particles. (ii) The fraction bound to carbonates (CAR) accounts for the metals easily released from the sludge through slight changes in the medium pH. These two fractions are considered easily available for microorganisms and are called bioavailable in the present manuscript. (iii) The fraction bound to organic matter plus sulfides (OM+S) accounts for metals already incorporated by the microorganism in the sludge, bound to humic acids and/or precipitated with sulfide. (iv) The residual fraction (RES) accounts for metals attached to inert particles. The sum of the EXC and CAR fractions has been considered the bioavailable fraction of the inoculum because the metals are weakly attached to the sludge. The total metal concentration in the sludge was obtained by summing the four fractions (Table 2) , which were analyzed in duplicate.
To initiate the sequential extraction protocol, the sludge volume required to obtain approximately 1 g of TS was centrifuged (6000 rpm for 10 min). After the supernatant was discharged, the sequential extraction scheme (Table 1 ) was applied to the solid fraction. A glovebox workstation (UNIlab Plus, MBRAUN, Germany) was used to avoid oxidation of metals in the extraction of phases 1 (EXC) and 2 (CAR). Centrifugation (4000 rpm for 10 min) was applied to separate the extracted liquid phase between the extractions. A microwave (Four Speed, Berghof GmbH, Germany) was used to digest the residual fraction (RES). After the samples were digested, they were filtered (Whatman ® 589/1, Sigma-Aldrich, MO, USA) and diluted to 100 mL in volumetric flasks.
The metal concentrations of each extracted fraction were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) (Optima 8000, Perkin Elmer, USA). The parameters applied to the ICP-OES spectrometer were radio frequency (RF) power: 1300 W, argon plasma flow rate: 8 L.min ) was added as an internal standard. Each standard calibration curve was prepared with the respective matrix used in the extraction procedure.
Simulated black water (SBW)
The simulated black water (SBW) was prepared using swine slaughterhouse wastewater and domestic sewage at a 3:1 ratio, resulting in chemical oxygen demand (COD) of 7.60 g.L -1 , to achieve characteristics similar to other reported black waters ( Table 3 ).
The domestic sewage was collected at the STP of São Carlos, São Paulo, Brazil after a primary pretreatment for removal of coarse materials, sand and grit followed by a Parshall flume with a pH controller, which maintained the inlet pH value at approximately 7.0 by adding NaHCO 3 . The swine slaughterhouse wastewater was obtained at the swine slaughterhouse Big Board in São Carlos, Brazil. The swine slaughterhouse wastewater was collected at the entrance of an anaerobic lagoon at 10 cm below the surface. The metal concentration in the SBW was determined after microwave digestion following the same procedure as for the previously described RES fraction. The metal concentrations in the SBW were analyzed in duplicate, and the averages and standard deviations are presented at Table 4 .
Biological methane production (BMP) tests
The biological methane production (BMP) test is a powerful tool to study trace metal effects. However, the possible effect of metal on an anaerobic process is mostly reflected by the methane production rate not the final methane yield. The methane production rate is highly dependent on the inoculum quality and the BMP setup. Currently, the BMP test for kinetic studies of a certain substrate or condition should only be used if the inoculum and the BMP setup are similar in all the planned experiments. . The resulting metal contributions of the inoculum biomass and SBW in each BMP test are presented in Table 5 .
Different volumes of the studied trace metals were also added. The complementary volume to achieve the working volume was filled with ultrapure water (Milli-Q, Millipore, USA). To ensure anaerobic conditions, the headspace in the bottles was purged with a N 2 /CO 2 (70:30) gas mixture for 3 min. All BMP tests were performed in duplicate in a chamber at a controlled temperature (32.1 ± 0.6°C), and agitation was applied before measuring the pressure inside the bottles. The biogas production was monitored using a TPR-18 pressure transducer coupled to a BS 2200 interface (Desing Instruments, Barcelona, ESP). To follow the composition of the biogas, headspace samples were analyzed once a week using a gas chromatography (GC) (GC 2010, Shimadzu®, Kyoto, Japan). The GC 2010 contained a thermal conductivity detector, a Carboxen 1010 capillary column (L x I.D. 30 m x 0.53 mm, average thickness 30 μm) and argon as the carrier gas at a flow rate of 12 mL.min -1 . The temperatures of the injector, column, and detector were 200°C, 130°C, and 230°C, respectively.
Using Origin 8.0 software (OriginLab®, Northampton, MA, USA), the Boltzmann equation was adjusted to the raw data of the percentage of CH 4 to estimate the biogas composition when only pressure data were available. The Boltzmann equation was applied again to adjust for the production of CH 4 against time, and then the derivative of this curve was taken to obtain the methane production rate or, as defined in the present manuscript, specific methanogenic activity (SMA) expressed as mL of produced methane per gram of added COD per day.
Plackett-Burman design
The metal addition screening experiment was planned by the statistically based Plackett-Burman experimental design [23] . The screening experiment was performed to determine which metal among the seven tested (Fe, Ni, Cu, Co, Mn, Ba and Se) had a significant effect on the AD of the SBW. This design of the experiment generated a matrix formed by the high level and low level of the factors and a center point, which was set to the difference between the high and low level divided by 2. The matrix of trace metal concentrations was constructed using Statistica 64 software (Dell Inc., Tulsa, OK, USA) ( Table 6 ).
In the low level, the metals were only provided by the SBW and the inoculum, with no external addition. Considering that the SBW was a composite of complex organic matter, requiring all steps of AD, the center point was set to 10 fold the trace metal media used by Worm et al. Table 6 were used in other studies reviewed by Thanh et al. (2016) . A control bottle, without metal addiction, was also added to the assay to compare to the model prediction.
Based on the Plackett-Burman matrix results, a first-order polynomial model was fit, and the effect of the metals on this model was evaluated by the ANOVA test, using Statistica 64 software (Dell Inc., Tulsa, OK, USA). Surface plots were built based on the model fitted to assess the synergic/ antagonistic interaction among metal and predict the SMA resulted from the different supplementation combination.
General analysis
The COD, total Kjeldahl nitrogen (TKN), total phosphorus (TP), TS and TVS were measured according to APHA et al. [25] . The dissolved metal concentrations were determined by ICP-OES (Optima 8000, Perkin Elmer, USA). The parameters applied to the ICP-OES spectrometer were RF power: 1300 W, argon plasma flow rate: 8 L.min . The internal standard yttrium at was added 1 mg.L -1 to the samples.
RESULTS AND DISCUSSION
Fractionation of trace metals in the inoculum
Sequential metal extraction was applied to the anaerobic inoculum obtained from a UASB reactor treating domestic sewage. The fractionation of the seven metals of interest (Ba, Co, Cu, Fe, Mn, Ni ad Se) are presented in Figure 1 .
Ni and Se were present at concentrations of 0.198 and 0.005 mg.gTS -1 , respectively. Despite the concentrations being at different orders of magnitude in the inoculum, Ni and Se showed similar fractionation. Approximately 78% of each was bound to the OM + S fraction, and approximately 22% was found in the RES fraction. The strong retention of these two metals in the inoculum indicates that Ni and Se are difficult to be up taken by microorganisms. For Co, 72.7% of the total content in the sludge (5.84 μg.gTS -1 ) was found in the OM+S fraction, 26.7% was found in the RES fraction and only 0.5% was bound in the more bioavailable fractions (the sum of EXC and CAR fractions), resulting in 0.031 μg.gTS . Mn had the highest percentage in RES fraction, 60.7% of the total Mn concentration. However, Mn was found at significant percentages in the more bioavailable fractions, with 3.3% and 9.0% present in the EXC and CAR fractions, respectively, representing a bioavailable concentration of Mn equal to 0.019 8 mg.gTS -1 . Ba was the most equally distributed metal among the fractions, considering its total concentration in the sludge, with 17.7% and 19.6% measured in the most bioavailable fractions EXC and CAR, respectively, resulting in a concentration of 0.019 mg.gTS -1 , while 27.4% and 35.2% were present in the less bioavailable RES and MO + S fractions, respectively. Fe had 78% of its total content bound to the OM + S fraction, 20% bound in the RES fraction and 0.7% and 1.5% bound in the more bioavailable fractions EXC and CAR, respectively. The total Fe concentration was the highest concentration among the metals analyzed, 4.305 mg.gTS -1 , and the concentration readily available for the microorganisms (the sum of EXC and CAR) was also the highest, 0.091 mg.gTS -1 . Because it appears at a higher order of magnitude of concentration than the other metals, Fe is usually considered a macronutrient.
Osuna et al. [25] performed sequential extractions of the Co, Ni, Se, Mo, Mn, Cu, Zn, Ca, Fe, and Mg in the sludges from alcohol distillery and paper mill wastewater AD treatments. The authors found these metals were mostly in the OM+S and RES fraction except for Ca, which was in the more bioavailable fractions due the carbonate and adsorption in the sludge, and Mn, which was more equally distributed among the fractions. The fractionation by sequential extraction was also performed by Zandvoort et al. (2006) for Co, Ni, Fe, Mn, Se, Mo, Zn and Cu. These authors analyzed four sludges from anaerobic digesters treating alcohol distillery wastewater, paper mill wastewater, groundwater contaminated with perchloroethene, and brewery wastewater. Despite the diverse sources of sludge, most of the metals analyzed were found in the OM+S and RES fractions, although Mn was found at a higher percentage in the carbonates fraction and showed a similarity with the inoculum of BMP tests used in this study. Se was barely detectable in the sludges in both studies, corroborating the results obtained in this work.
Considering the concentrations from the fractionation data and making the assumption that the EXC and CAR concentrations have the most bioavailable concentration of the studied metals, the metal bioavailability in the inoculum follows the sequence Fe > Ba = Mn >> Ni > Cu >> Co > Se. It may be assumed that the metal content in the SBW will be as bioavailable as these two fractions. The bioavailability sequence resulting from the sum of metals from the SBW and the EXC and CAR fractions of the sludge would be Fe >> Mn > Cu > Se > Ba > Ni >> Co. This assumption should be further studied because the SBW has a high TS content, which could indicate higher RES and OM+S fractions than expected.
Metal effect on black water anaerobic digestion
The specific methanogenic activities of the Plackett-Burman experimental design are shown in Table 7 . From these data, a first-order polynomial model was fitted (R² = 0.82 and R adj = 0.70) and the coefficients estimated.
ANOVA was applied to analyze the statistical significance of the single effect of each metal on the variable response, SMA. The standardized magnitude of the effects, the magnitude divided by their respective standard errors, and their probability is shown in Figure 2 . Se and Cu had a positive effect under the studied range, although it was weakly significant. No enzyme participating in methanogenesis is known to be Cu dependent [12] . Nevertheless, Oleszkiewicz and Sharma (1990) stated that Cu is related to the hydrogenases of facultative anaerobes and Clostridia, which is crucial to the acidogenesis step of AD. Se has been shown to play a crucial role in methanogenesis (Banks et al., 2012) ; therefore, a positive effect was expected.
Ba addition in the studied range negatively affected the methanogenic activity of the inoculum. The concentration range used was clearly above the toxic range. Muñoz et al. (2016) used this same concentration, which clearly improved the hydrolytic enzymatic activity in their experiments. Although Ba has not been shown to occur in any enzyme of the AD pathway, it has been reported to reduce the competition of sulfidogenic microorganisms for the methanogenic substrate by precipitating SO 4 -2 [14] and enhance enzymatic hydrolysis [15] . In the present study, we can hypothesize that this Ba concentration is likely toxic for other pathways such as acetogenesis or methanogenesis. However, no studies on Ba toxicity in these anaerobic pathways have been reported so far.
Mn affected methanogenesis negatively as well but not as strongly as Ba. The function of Mn in AD has been described in the literature as a stabilizer for methyltransferase of methanogens [27] and as an electron donor for methane formation from CO 2 [28] . Wu et al. (2015) reported that the addition of Mn improved the methanogenic production rate in de-oiled grease trap waste digestion. In the present study, Mn influenced the inoculum negatively, which is inconsistent with the results of a previous study with much higher metal addition ranges.
Co is a component of enzymes involved in the three methanogenic pathways: hydrogenotrophic in the carbon monoxide dehydrogenase/acetyl-CoA and acetoclastic and methylotrophic in methyltransferases [12] . Several studies have reported limitations because of a lack of Co [30] [31] [32] , and others indicated inhibition because of excess addition (Pinto-Ibieta et al., 2016). In the present study, Co had a negative effect on the SMA in the studied range, indicating that the Co addition had reached the inhibition level.
Ni is important for methanogenesis because it is the core of the coenzyme F430, which is exclusive to methanogenic archaea and contained in the methyl coenzyme M reductase [33] . As shown by and Pobeheim et al. (2011) , low availability of Ni may limit anaerobic systems. Nonetheless, Ni addition did not produce a significant effect in the studied range.
Fe plays an important role in AD pathways and forms Fe-S clusters involved in electron transport and catalysis [12] . Fe-Fe hydrogenase, which is related to acidogenesis, and methane monooxygenase, which participates in the methane production [36, 37] . Nevertheless, as with Co and Ni, Fe did not show a significant effect on the AD of the simulated black water in the studied range.
Synergic and/or antagonist effect of the two negative factors (Ba and Mn) and the two positive factors (Se and Cu) on the anaerobic digestion of black water.
The fitted first order polynomial model was used to estimate the SMA under different concentrations of Ba and Mn and assess their synergic and/or antagonist effects and surface plots ( Figure 3 ) were built to visualize the effect of the interaction. Although Se and Cu were only weakly significant (p-values of 0.26 and 0.37, respectively), their synergic and/or antagonist effect on SMA were also evaluated using the surface plots because these two metals presented a positive effect in the studied range. For building the surfaces, Fe, Ni and Co were set to their concentration values without addition.
The negative effect of Ba on SMA was enhanced by the presence of Mn ( Figure 3A) . A SMA value between 9.25 and 8.25 mLCH 4 .gCOD As indicated by the fractionation of the metals (Figure 1 ), Cu and Se were the least available metals, which supports the evidence that the supplementation of these metals might be necessary for enhancing the methane production from SBW. Figure 3B shows that concentrations of Cu and Se higher than 0.88 and 0.19 mg.L -1 , respectively, might be necessary to supply the needs for Se and Cu in a sewage microbial system. The prediction for SMA without any metal addition is 11.17 mLCH 4 .gCOD . The model estimates that by supplementing the media with these metals, the SMA can be improved to values over 12 mLCH 4 .gCOD -1 .d -1 ( Figure 3B ). Ariunbaatar et al. (2016) verified an increase of 30-35% in CH 4 formation by adding 25-50 μg/L of Se. These authors reported that supplementation of Se resulted in a decrease of acetic and propionic acids in the batch assays. Because Cu is linked to an improvement of hydrogenase activity [27] , its synergism with Se is expected.
Ba has a strong effect on SMA even when metals with positive effects are added. The surface plot showed an SMA gradient almost parallel to the axis of concentration of Cu and Se, which resulted in a strictly negative correlation of SMA with the Ba concentration and a minimal increase in the response by the addition of Cu or Se (Figure 3C and D) .
The negative effect of Mn on SMA can be minimized by the presence of either Se or Cu ( Figure 3E and F) . The SMA value of 11 mLCH 4 .gCOD .
CONCLUSION
x Most of the metals analyzed were found mainly in the OM+S and residual fractions, except for Mn, which was present at 12.3% in the bioavailable fractions (EXC and CAR), and Ba, which was evenly distributed in the various fractions. x Under the studied ranges of metal addition, Fe, Ni, and Co did not show a clear effect on the AD of black water.
x Ba negatively affected the methanogenic activity of the inoculum in the studied range. A specific methanogenic activity (SMA) between 18 and 27% lower than the control, 11.17 mLCH4.gCOD-1.d -1 , was predicted at a total Ba concentration of approximately 1000-1200 mg.L , respectively. 
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